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Abstract
Boron has been detected on Mars [Gasda et al., 2017, Das et al., 2019, 2020] within calciumsulfate veins found within clay-rich rocks on Mars by the Mars Science Laboratory (MSL) rover
using Laser Induced Breakdown Spectroscopy (LIBS) analysis. Boron plays a vital role in
stabilizing ribose on Earth and has been suggested as a key requirement for life [Scorei et al., 2006,
2012; Furukawa et al., 2013, 2017; Becker et al., 2019]. Additionally, boron readily adsorbs to
phyllosilicate clay minerals and is often associated with biologic processes in clay soils. The
discovery of boron on Mars in proximity to phyllosilicate bedrock may have strong implications
for potential past prebiotic conditions on Mars. This study generates a suite of clays with sorbed
boron, including both typical terrestrial clays as well as Mars-analog clays, to understand the
controls on boron adsorption and to examine these clay materials with LIBS in an effort to develop
standards for future analyses on Mars. These standards can also help to better understand past
analyses where boron has been detected. Geochemical and XRD characterization of the suite of
clays was also conducted, including a clay collected from boron deposits of the western United
States. Characterization analysis determined the baseline chemistry of the clays prior to adsorption
and also revealed the purity of the clays. The samples of clays, while predominantly consisting of
the expected Fe/Mg phyllosilicate typical of Mars, also contain minor and trace amounts of other
minerals. These samples may therefore better represent the impure clay-bearing rocks on Mars.
Adsorption analysis revealed that the montmorillonite clays were able to adsorb a significant
amount of boron, which was greater than seen in previous literature, although this study attributes
this to different experimental conditions. Analysis also determined that there is a positive
correlation between concentration of boron in the fluid and final adsorbed concentration of boron
on the clay. Experiments concerning the time factor indicated that adsorption happens quickly as
iv

extended exposure to borate fluid did not increase boron adsorption. Further studies will adsorb
boron to selected clays at varying pH conditions to analyze the ideal conditions for boron sorption
and compare which clay types adsorb boron most effectively. The results of this study provides
insight into boron sorption onto Mars-analog clays. Boron-rich clays were created that can be
exposed to ribose for organic analysis in follow-up studies. A series of boron-enriched standards
were also created that can be used by the MSL and future Mars 2020 rovers. The results of this
study may also provide insight into Martian groundwater geochemistry processes and the problems
concerning the apparent lack of Martian evaporite deposits.
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Introduction
Boron is an element found in low concentrations in organic-rich soils on Earth affected by
biologic activity [Karahan et al., 2006]. Boron is a lightweight element of atomic number 5 and
atomic weight of 10.811 g/mol. Boron has a valence of 3 and typically appears as a cation with a
charge of +3. Elemental boron does not occur naturally on Earth and boron is typically found in
the form of borate minerals or in aqueous solution. When in solution boron appears typically as
either borate (BO33-) or boric acid (H3BO3), (Figure 1) depending on the pH of the solution. Boric
acid is a weak acid: the turnover from boric acid being abundant at lower pH to borate at higher
pH occurs at the pH corresponding to the first acid dissociation constant around pH 8-9.

Figure 1: Predominance diagram for boric acid/borate ions (Schott et al., 2014). pKα is at 9.24 between
H3BO3 and H2BO2- (Drever, 1997).
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Boron is typically found as borate in clay-rich environments bound to 2:1 phyllosilicates
[Keren, 1981; Goldberg et al., 1993, 1997, 2008] when introduced by groundwater or other fluid
process to allow boron adsorption [Keren, 1981]. The pH of the borate-carrying water affects how
well the soil takes up boron. Experimental work has found that a pH range of 8-9 [Karahan et al.,
2006; Keren, 1981; Goldberg et al., 1993, 2008] provides the most adsorption to levels of 250500 ppm B onto the clay [Karahan et al., 2006]. As Martian groundwater is likely to have been
neutral or alkaline [Grotzinger et al., 2014], this means that Martian groundwater was optimal for
boron uptake by clay minerals. Recently, boron was detected in Martian calcium sulfate veins by
ChemCam on the NASA Curiosity rover in relatively significant quantities up to 300 ppm B within
the veins [Gasda et al., 2017, Das et al., 2019].
The MSL Curiosity rover landed in Gale crater in 2012 with the intent of exploring and
analyzing the ancient sediments of the crater. Gale crater lies near the boundary of the younger
northern lowlands from the older southern highlands. The rover’s mission objectives include
understanding the past environmental conditions on Mars as well as investigating the potential for
past habitability of Mars [Grotzinger et al., 2012]. Gale crater was formed as the result of a
meteoritic impact ~3.7 Ga and has a large central mound of sedimentary material, Aeolis Mons
(informally referred to as Mount Sharp) [Milliken et al., 2010; Schwenzer et al., 2012; Newsom et
al., 2015]. This central uplift is surrounded by mostly mound deposits. The rover landed at Aeolis
Palus at the Bradbury landing, which is a member of the Bradbury formation containing mixed
sandstones and mudstones [Grotzinger et al., 2014]. The rover traversed to the location referred to
Yellowknife Bay on sols ~100-300 before proceeding to traverse its way up Mount Sharp
encountering the Murray formation, which has been a large unit consisting mostly of mudstones
[Rampe et al., 2017]. Above the Murray formation still lies the layered sulfate unit, which may
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contain primary evaporite deposits [Fraeman et al., 2016; Milliken et al., 2010]. The abundance
of layered sandstones and mudstones, as well as the presence of other sedimentary features such
as mud cracks and ripples, indicate the presence of an ancient lacustrine playa lake environment
[Grotzinger et al., 2014]. The ChemCam instrument suite is mounted on top of the rover mast, and
includes the Laser Induced Breakdown Spectroscopy (LIBS) and Remote Micro Imager (RMI)
instruments.
Boron is found throughout the rover’s traverse (Figure 2), though notably more frequently in
the Murray. It is typically found within calcium sulfate filled fractures hosted within phyllosilicatebearing bedrock [Morrison et al., 2018 ; Vaniman et al., 2014; Rampe et al., 2017; Bristow et al.,
2018]. The structure of 2:1 phyllosilicates (Figure 3), including smectites, is a strong facilitator
for boron adsorption to exposed mineral surfaces. Smectites are a dominant phyllosilicate seen in
the Martian bedrock at Gale Crater [Vaniman et al., 2014]. Boron is only detected within the
calcium-sulfate veins, and given that these veins are found within smectite-rich bedrock, these
smectites have potential to be hosting relatively large quantities of boron. Different phyllosilicates
have variable structures and chemistry (Figure 4), meaning that the level of adsorption of boron
can vary significantly from clay to clay, so in-depth individual clay analysis is necessary for
understanding how well boron reacts to specific clays. Adsorption is typically interpreted to occur
on the edges of clay surfaces (Karahan et al., 2006; Keren, 1981). Boron was likely deposited by
groundwater carrying material from dissolved borate-bearing evaporites [Gasda et al., 2017].
Boron adsorption occurs mostly in low temperature environments during early burial diagenesis.
At higher temperatures, boron may substitute into the clay structure, replacing Al3+ or other deflect
sites [You et al., 1996; Spivack et al., 1987; Williams et al., 2001; Couch, 1968]. Most evidence
suggests that groundwater fluid temperatures at Gale crater did not exceed 50° C, as seen by the
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abundance of gypsum found within calcium-sulfate veins as well as very little evidence of
extensive illite formation in Gale crater [Gasda et al., 2017; Vaniman et al., 2014; Bristow et al.,
2015, 2018]. As the groundwater temperature at Gale likely remained low, any boron in the system
would favor adsorption over replacement. Had high temperatures (> 60 °C) been experienced by
these exposed materials, anhydrite would have been the sulfate phase, and smectites would have
altered to illite [Pytte et al., 1989]. This study will explore the conditions of low-T adsorption.
Boron on Earth is found in low quantities all over the earth, but when found in high
concentrations it typically appears in the form of large-scale borate deposits, as seen in Death
Valley, California [Crowley, 1993; Tanner, 2002; Lowenstein et al., 1999] as well as in Turkey
and Argentina [Kasemann et al., 2004]. Boron most frequently forms as the mineral colemanite or
ulexite [Crowley, 1993], an evaporite mineral described in playa lake deposits. This poses
similarities to the situation on Mars as Gale Crater is also interpreted to have hosted a paleolake
lacustrine depositional environment featuring several evaporite minerals [Rampe et al., 2017;
Schwenzer et al., 2016] embedded within the bedrock of its generally mudstone bedrock
[Grotzinger et al., 2014]. Similarly, in Jezero crater, the landing site for the Mars 2020 rover, also
contains evaporite minerals in the form of carbonates detected from orbital data [Horgan et al.,
2020].
Boron often originates from igneous sources [Kasemann et al., 2004] which then is released
from host materials through exposure to surface or groundwater conditions and then mobilized in
groundwater [Tanner, 2002]. This readily isolates boron to be deposited as borate in terrestrial
settings. However, a considerable amount of igneous bedrock needs to be weathered to accumulate
high concentrations of boron. Basaltic rock typically contains between 0.5 up to 10 ppm B, while
felsic rocks may contain up to 100 ppm B [Ishikawa et al., 1992; Spivack et al., 1987; Chaussidon
4

Figure 2: Stratigraphic Column of Gale Crater, detected boron targets, and orbital imagery of MSL
traverse. Images A and B display locations of boron detection and these are displayed by frequency next
to the stratigraphic column. Boron detection increased upon reaching the Murray Formation, where
mudstones and clay-bearing units are more abundant, leading to linkage between boron and clay minerals
in Gale Crater. (Figure Gasda et al., 2017)

et al., 1994; Mohan et al., 2008]. As bedrock contains very small quantities of boron, a
considerable amount of bedrock needs to be weathered to generate high concentrations of boron.
As felsic rocks generally contain more boron, it is therefore easier to accumulate boron in a more
felsic environment, as compared to a more basaltic one. Evidence points to the southern highlands
5

of Mars as being a strong felsic source [Bernhardt et al., 2018; Sautter et al., 2019] and its highly
likely that some of this material was brought into Gale crater and it eventually broke down there.
Some rocks in Gale crater have been determined to be trachytes and rhyolites [Cousin et al., 2017;
Payre et al., 2020; Rampe et al., 2019; Morris et al., 2016], which is indication of a more evolved
magma (felsic) and are therefore able to concentrate more boron. So, although boron is very
soluble and weathers very easily, its natural concentrations in source rocks is very small and
therefore it would take a lot of active water to weather a lot of bedrock in order to concentrate
boron in the concentrations seen in Gale crater. Given that there are magnesium sulfates in Gale
Crater [Rapin et al., 2019; Nachon et al., 2017; Milliken et al., 2010], which are very soluble and
only precipitate out during major drying events, it can be inferred that there was indeed a lot of
water available in order to weather a large amount of bedrock.

Figure 3: Standard 2:1 phyllosilicate structure, the ideal set-up for the boron adsorption assisted by fluid
transport. Octahedral cation is Al/Mg (pyrophyllite/talc) and interlayer positions are empty but may contain
cations or water in intermediate members. Boron is assumed to adsorb to exposed, broken mineral surfaces
(Figure 2A from Drever, 1997)
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Figure 4: XRD analysis of two bentonite standards demonstrating variability between similar clay samples.

However, large-scale evaporite deposits such as those found on Earth have not yet been seen
in Gale crater, despite there being evidence of chloride salts [Osterloo et al., 2008, 2010; Hynek et
al., 2015, Ehlmann et al., 2015] and carbonates [Horgan et al., 2020] elsewhere on Mars. This has
been a long-standing issue as one expects to find evaporite deposits in a large, ancient paleolake
environment that dried out. Evaporite minerals, such as calcium-sulfate, are abundant on Mars in
the form of veins [Nachon et al., 2014] or embedded in bedrock, yet not as large outcrops. This is
hypothesized to be due to a short period of acid diagenesis [Rampe et al., 2017] and redissolution
[Schwenzer et al., 2016], which weathered away highly soluble evaporite minerals and
incorporated them into groundwater and dispersed them throughout the bedrock into pore space or
by infilling fractures. This may explain why boron is incorporated into Ca-sulfate veins (Gasda et
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al., 2017). While this concentrated borate solution was being carried by groundwater, it would
have come into contact with clay surfaces, allowing a prime opportunity for adsorption. The largescale evaporites were primary deposits that formed when the Gale paleolake system was still
active, roughly 3.5 Ga [Grotzinger et al., 2014; Frydenvang et al., 2017]. The “layered sulfate
unit,” one of the lithologic units in Gale crater, has been theorized to be a potential primary
evaporite deposit and may lead to clues about the source of the boron in Gale crater [Fraeman et
al., 2016; Milliken et al., 2010].
As borate typically occurs naturally as evaporite deposits, it also dissolves in solution and is
therefore often found in aqueous solutions. Boron is readily taken up by clay minerals [Keren,
1981; Goldberg et al., 1993, 1997, 2008] and is therefore often found within sedimentary
environments where clays are abundant. Clay minerals come in a variety of species including
dioctahedral vs trioctahedral mineral species and 2:1 vs 1:1 clays. Dioctahedral clays contain two
cations in octahedral coordination with a vacancy in the third position in order to maintain charge
balance [Drever, 1997, p.74; Figure 3]. This configuration is more common for higher charge
cations such as Fe3+ or Al3+. In trioctahedral clays, all three octahedral sites are filled with a lower
charge cation such Fe2+ or Mg2+ with no vacancies to maintain charge balance. 2:1 vs 1:1 clays
refers to the configuration of the structure of the mineral concerning the octahedral and tetrahedral
layers. A 1:1 set-up involves a single tetrahedral layer bonded to a single octahedral layer, whereas
a 2:1 structure has two tetrahedral layers separated by a single octahedral layer in between. On
Mars a combination of dioctahedral and trioctahedral clays are seen, but they are both typically
found in a 2:1 set-up. For this reason, the clays used in this study fall into the category of 2:1 clays
and are a mix of dioctahedral and trioctahedral.
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Adsorption is defined as the bonding of solid particles or ions onto the surface of another
material, in this case where boron or borate is chemically bonded to the surface of clay minerals.
Cation exchange is the process by which a material, such as a clay, is able to attract and substitute
cations (although borate exist as anions) from the surrounding solution into its own structure or
onto its surface [Birkeland, 1999]. Cation exchange capacity is net surface charge, usually
negative, of the mineral surface [Birkeland, 1999]. Cation exchange capacity is dependent on the
overall charge of the material and cations in solution. Most soils, which typically are abundant in
clay minerals, tend to have an average negative surface charge [Birkeland, 1999], although in
alkaline water conditions, clays often will contain positive sites suitable for attracting borate
anions. This makes clays especially suited for adsorption, as they will naturally tend to attract these
cations to the surface of the clays. Then there is the difference between inner and outer sphere
complexes, which dictates how the cation binds to the mineral surface (Figure 5). An inner sphere
complex involves the cation bonding directly to the exposed, broken mineral surfaces and results
in stronger bonds

Figure 5: Adsorption differences between inner and outer sphere adsorption complexes. [Molecular
complexation. Princeton]
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and no dependence on electrostatic dependence [Drever, 2002]. An outer sphere complex involves
the cation being encased in a hydration shell and bonding is therefore indirect and dependent on
electrostatic attraction. While outer sphere complexes tend to favor major cations (Na+, K+, Ca2+,
Mg2+) with trace elements being displaced to solution, inner sphere complexes may better facilitate
adsorption of minor and trace elements [Drever, 2002]. This would imply that boron adsorption is
likely occurring in inner sphere systems and is therefore directly bonded to the mineral surface.
Boron is hypothesized to be a vital aspect for prebiotic processes to occur on Earth and possibly
on Mars [Scorei et al., 2012]. The formation of boron-ribose complexes [Cafferty et al., 2014;
Georgelin et al., 2015; Grew et al., 2011; Larralde et al., 1995; Swadling et al., 2010; Hashizume,
2015] might allow the formation of ribonucleic acid (RNA), a critical component for life. Borateribose complexes are relatively stable in water; without borate, ribose will quickly break down in
solution [Georgelin et al., 2015; Larralde et al., 1995; Chapelle et al., 1988]. With boron found
on Mars, this poses implications for the habitability of life on Mars [Scorei et al., 2012; Gasda et
al., 2017]. The potential for finding prebiotic conditions on Mars is of great interest for Mars
research as searching for signs of life or habitability is one of the central mission objectives for
both the MSL rover, but also for NASA and the whole of planetary science.

Previous Experimental Work
There has been considerable study of boron adsorption onto clays in terrestrial settings [Couch,
1968; Karahan et al., 2006; Keren, 1981; Keren et al., 1994; Okay et al., 1995; Chen et al., 2009;
Goldberg et al., 1996; Fleet, 1965; Harder, 1970; Perry, 1972; Yingkai et al., 2001]. Experimental
findings find that boron ideally adsorbs to 2:1 phyllosilicates. The optimum pH varies slightly
from mineral to mineral (Figure 6), but the general pH range between 6 and 10 fosters the highest
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amount of adsorption of boron onto the clay mineral. The three clays used by [Karahan et al.,
2006] were sepiolite, bentonite, and illite, with a decreasing level of boron adsorption respectively.
Both illite and bentonite see peak adsorption around a pH of 8, while sepiolite sees peak adsorption
around a pH of 9. The Karahan experimental method forms the base for the experimental method
used in this study; however, illite and sepiolite are not used in this study and instead this study
examines saponite and nontronite, due to their detected presence on Mars [Vaniman et al., 2014].
Other minor adjustments were made to the adsorption procedure to allow better sorption of the
boron to the clays.

Figure 6: Karahan adsorption curve. Boron concentration for three clay mineral species over pH. All three
species demonstrate the highest level of adsorption at alkaline pH between 7 and 9. (Figure Karahan et al.,
2006).
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Clay minerals additionally most easily allow the sorption of boron in a borate form, B(OH)4-,
rather than as boric acid, B(OH)3, due to its strong charge affinity, further backing increased
adsorption at higher pH [Couch, 1968; Keren, 1981]. Boron also adsorbs to clays more efficiently
in a Ca-rich environment or when pH is adjusted by Ca-solutions [Chen et al., 2009] than in the
presence of sodium or potassium. This is likely due to calcium cations pulling more of the
hydroxide anion from solution to prevent boron from bonding with hydroxide in solution and
allowing it to adsorb to the surface of clays instead. This research replicates the methods of boron
adsorption seen by previous research, but with Martian clay analogs [Vaniman et al., 2014; Bristow
et al., 2015, 2018; Treiman et al., 2014] in order to understand boron adsorption in a Martian
environment as well as develop a method for creating a suite of standards to better quantify boron
detection by LIBS.

Objectives
The objective of this research is to measure boron adsorption in a suite of Mars analog clays
and to utilize these clays as LIBS standards. The adsorbed boron is measured and quantified via
LIBS analysis in order to create references for detecting boron on Mars using the LIBS instruments
aboard the Curiosity and future Mars 2020 rovers. Current boron detection using LIBS
spectroscopy is limited by interference with other elemental peaks, notably iron [Gasda et al.,
2017]. Boron analysis will help to further understand Martian geochemistry and groundwater
history. It is expected these experimental analyses of the Mars analogs saponite and nontronite will
reflect previous test results with maximum boron adsorption around a pH of 8 to 9 due to their
similar structure and behavior to the other smectite species used in previous research.
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This study also hopes to better understand the range of boron adsorption across a range of clay
compositions. Experiments have been previously run on a selection of smectite clays [Couch,
1968; Karahan et al., 2006; Keren, 1981; Keren et al., 1994; Okay et al., 1995; Chen et al., 2009;
Goldberg et al., 1996; Fleet, 1965; Harder, 1970; Perry, 1972; Yingkai et al., 2001] however
saponite and nontronite were not incorporated into these tests, so this experimental analysis is the
first to include these Fe- and Mg-smectites. Understanding how saponite and nontronite interact
with boron is important for understanding how the clay minerals on Mars interact with boron and
facilitated its deposition. For this study, the adsorption analysis of the Mars analog clays is being
deferred for analysis on montmorillonite in order to reproduce, refine, and improve the methods
used in previous experiments. This is to ensure the reproducibility of the methods and experiments
used in this study. This study replaces the traditional colorimetric analysis for detecting boron with
ICP-OES, as it provides a more accurate measurement for boron. Furthermore, investigating how
pH conditions control boron adsorption to these clays may also provide insight into how much
boron to expect within clay-rich rocks on Mars.
Analog studies and experimental analyses are integral for proper planetary research. The
understanding of how geologic and aqueous processes occur on Mars or any other planetary body
is done by comparing them to similar processes on Earth. The data collected on Mars from rovers,
landers, and orbiters provides a lot of essential information on the planet, but it is still an
incomplete dataset with many holes. These holes are filled by conducting analog studies and
experimental analysis with similar conditions seen on Mars. This may include analysis of similar
environments on earth or constructing an experiment in the lab under Mars conditions. This study
uses terrestrial clays considered to be strong analogs to clays analyzed on Mars and then conducts
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experimental analysis on these clays with aqueous and geochemical conditions relevant to the
Martian setting of Gale crater.
A second goal of this study is to characterize a suite of Mars-analog clays to serve as standards
for LIBS analysis. Clays were selected based on their similarity to clays encountered on Mars as
well as clays that are expected to adsorb the largest quantity of boron. Montmorillonites experience
strong adsorption of boron [Karahan et al., 2006] and therefore make good references for how
well boron adsorbs to a clay. Gale Crater contains abundant clay minerals, which are mostly Ferich saponite or potentially nontronite [Vaniman et al., 2014]. These two smectite clays are
trioctahedral and dioctahedral, respectively, and both may potentially allow for strong sorption of
boron. Clays on Mars tend to be abundant in Fe and Mg, compared to the Al-rich clays seen on
Earth, so for this reason talc is included in the experimental analysis to provide a strong Mgendmember to complement the Fe-rich saponite and nontronite samples.

Methods
Experimental Materials & Mineralogical Characterization-- The clay samples in this study
includes a griffithite, a saponite, a nontronite, two Ca-rich montmorillonite, a talc, and an unknown
clay collected from the bottom of the Rio Tinto Boron Mine in California (Table 1). The griffithite
sample (from Bronson Caves, Los Angeles, CA, USA), which is a ferrous saponite, comes from
Allan Treiman (Lunar and Planetary Institute) and is considered to be a very strong analog to clays
found on Mars [Treiman et al., 2014]. The saponite sample, SaA1 purchased from Excalibur
Minerals, is a monoclinic saponite from near Santa Barbara, Curacao in the Netherlands Antilles.
The

saponite

sample

has

a

general

chemical

makeup

of

(Ca0.5,Na)0.3(Mg,Fe)3(Si,Al)4O10(OH)2*4H2O. The nontronite sample, NAU-2 from Uley Mine in
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southern Australia, is a nontronite standard from the Clay Mineral Society, has had extensive
chemical analyses conducted on it (Keeling, 2000) and is additionally one of the LIBS standards
used by ChemCam [Vaniman et al., 2012]. Previous literature describes the sample as mostly
nontronite with minor amounts of plagioclase feldspar and trace amounts of quartz, biotite, talc,
and ilmenite [Keeling, 2000]. The nontronite is theorized to have formed from the fracturing and
weathering of amphibolite with the breakdown of amphibole grains and light weathering of
plagioclase into a solution rich in Fe and Si to eventually alter into nontronite. The montmorillonite
sample, Ward’s no 24, comes from Ward’s Minerals and is a monoclinic smectite mineral from
Wyoming, USA.

Table 1: Experiment grid of clay samples used for this study and the adsorption conditions.

B Fluid Concentration
Clay

Sample ID

pH
(ppm)

Griffithite

Griff

6 to 11

200

Saponite

SaA1

6 to 11

200

Nontronite

Nau-2b

6 to 11

200

Rio Tinto

RTB1

6 to 11

200

Talc

BCS203a

6 to 11

200

MontA

6 to 11

200

MontB

6 to 11

200

Montmorillonite Ward's
46
Montmorillonite Ward's
24
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The various clay samples are analyzed by X-Ray Diffraction (XRD). These experiments
reveal the crystal structure and makeup of the clay samples prior to adsorption of boron. Further
analysis after adsorption determines how the structure of the clay changes to accommodate the
boron. This characterization of clay crystal structure assists in explaining how well boron adsorbs
to each individual clay. Additionally, it assists in determining the position of the boron when it
adsorbs to the clays. The XRD instrument used is the Rigaku SmartLab at the University of New
Mexico (UNM) Department of Earth and Planetary Sciences (EPS) X-ray Diffraction Laboratory,
equipped with a sealed tube copper target source. It is operated at 40 kV and 40 mA. The detector
is the D/teX Ultra 1-dimensional detector that is used in conjunction with Ni-foil Cu Kβ filter.
Copper is used for the source of the X-ray radiation because its Kα wavelength provides the best
resolution and intensity for measuring diffraction peaks of most materials.
To prepare a clay sample for XRD analysis, first the sample must be powdered to a fine, evenly
mixed grain size. Then 1 g of the powdered clay sample is added to a 30 mL vial and filled to the
top with distilled water and shaken by hand for a few seconds. Then the vial is left to allow the
entire solid volume to settle until the supernatant is clear. The supernatant is then decanted and
this process is repeated one more time, in order to ensure any surface salts are removed. Then the
vial is again filled with distilled water, but additionally with 0.05 grams of an anti-flocculent such
as sodium pyrophosphate, in order to prevent the clay from clumping in solution. The vial is then
shaken again and allowed to settle for 4 hours. After the 4 hours have passed, the top 5 cm of the
solution is removed as this contains the clay fraction of the sample. This is pipetted into a plastic
weighing boat and allowed to dry for a few days. To prepare the mount, 0.05 g of the dried sample
is weighed out suspended in 2 mL of distilled water. With an eye dropper, this suspension is
applied to a glass slide and surface tension should retain the entire volume. The slide is then left
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to dry overnight and is then ready for analysis the next day. [Poppe et al., 2001; Moore & Reynolds,
1997]. During analysis, JADE software is used to compare patterns with a standards library and it
identifies the best fit.
The clay samples were also sent to a commercial analytical laboratory, ActLabs, for elemental
analysis (Table 2). Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) was run for
calculating most of the bulk analysis for the major and minor elements. Prompt Gamma Neutron
Activation Analysis (PGNAA) was run for the calculating the composition of boron within the
samples. The clays that were sent to ActLabs included the unaltered Mars analog clays and
terrestrial clays as well as the Rio Tinto clay and one of the montmorillonites that had been
saturated with boron. The unaltered samples were analyzed to determine a baseline chemistry to
determine if there was any structural boron in the samples and if so, how much. The Rio Tinto and
boron-montmorillonite were analyzed to determine the amount of boron that had been introduced
into the clays.
Additional analyses were performed on the Rio Tinto clay sample on the Scanning Electron
Microscope (SEM) and the Electron Probe Micro-Analyzer (EPMA) at the UNM EPS Scanning
Electron Microscope and Electron Microprobe Laboratory. We used a Tescan Vega 3 with IXRF
EDS system for SEM and JEOL 8200 electron microprobe using Phi-Rho-Z correction on Probe
for EPMA, a 3rd party software from Probe Software, Inc. The first step in this approach was to
use the SEM in order to image the clay as well as attempting a semi-quantitative analysis of the
sample to search for boron. First the sample, which was previously powdered for other
experiments, is prepped for analysis by placing on a mount and coated in a gold-palladium coating
to be analyzed in the SEM. Then the instrument parameters are set with an accelerating voltage of
the beam at 15 kV in order to prevent any charging effects as well as not to overwhelm any
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potential boron signature that could be present. The beam current is kept to about 9 pA. Several
EDS scans are conducted at a couple locations in order to determine rough chemical composition
of the clay sample. EDS analysis of low atomic number (Z) elements is either difficult or
impossible due to the nature of x-rays and detection. Low Z elements emit low-energy x-rays,
which are easily adsorbed by the sample and therefore make detection difficult. As boron is a low
Z element (5), it is unlikely that EDS will be able to detect and quantify the amount of boron in
the samples, given the low concentration.
The second step of the analysis is done under EPMA. To prep the Rio Tinto sample, the sample
is mounted on a carbon stub in order to avoid interference with Al. Before the Rio Tinto sample is
looked at, a sample of dravite is analyzed, which is a species of tourmaline with a high
concentration

of

boron

in

it.

It

has

the

standard

chemical

formula

of

Na(Mg3)Al6(Si6O18)(BO3)3(OH)3(OH) (Dravite, 2019). This is to help calibrate the EPMA for
being able to detect boron. As boron is a low weight element and not as easily quantified by SEM
or EPMA, it is necessary to ensure the instrument is recently calibrated with a known boron
standard for a more accurate analysis. The dravite sample is run with an accelerating voltage of 15
kV and a beam current of 20 nA. A total of three analysis points were analyzed under quantitative
analysis to calibrate the EPMA. After the probe is properly calibrated with the dravite sample, then
began the analysis of the Rio Tinto sample. The accelerating voltage is kept at 15 kV, however the
beam current is dropped to 10 nA in order to decrease the amount of charge running through the
beam. The Rio Tinto sample is known to have much less boron than the dravite sample, due to the
prior analysis via PGNAA, so the stronger current used in the dravite is not necessary for the Rio
Tinto sample. A higher current is also used for the dravite to help provide a better count signal for
calibration. Two different clay maps are generated of the sample at two different areas covering a
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Table 2: ActLabs analysis of clay samples consisting of major, minor, & trace element analysis.
Major/minor/trace elements by Li-tetraborate Fusion ICP-MS, PGNAA for B, peroxide Fusion ICP-OES for
Li, C and S are measured by loss of ignition and IR of CO2 and SO2 gas
Table 2A: Major element analysis expressed as component oxide

Talc 1a
Talc 1b
Talc 1c
Talc 2
Talc 3a
Talc 3b
Rio Tinto
Saponite
Montmorllionite Ward's 46
Nontronite
Montmorllionite Ward's 24

Analyte Symbol
Unit Symbol
Detection Limit
Analysis Method
JCRMR901
JCRMR902
JCRMR903
BCS203a
DC60131
DC60132
RTB1
SaA1
WMB24b
Nau-2b
WMB24a

Mass
g

SiO2
Al2O3 Fe2O3(T) MnO
MgO
CaO
Na2O
K2O
TiO2
P2O5
%
%
%
%
%
%
%
%
%
%
0.01
0.01
0.01
0.001
0.01
0.01
0.01
0.01
0.001
0.01
PGNAA FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP
1.02
59.63
0.92
1.22
0.008
30.49
0.44
0.05
< 0.01
0.02
0.19
1.03
60.97
0.11
0.09
0.005
30.86
0.34
< 0.01
< 0.01
0.003
0.04
1.06
56.2
2.44
0.57
0.006
31.57
1
0.03
< 0.01
0.077
0.06
1.03
59.36
0.31
0.22
0.005
32.33
0.26
0.01
< 0.01
0.008
0.1
1.02
60.85
0.09
0.29
0.004
31.7
0.39
0.02
< 0.01
0.003
0.16
1.02
48.22
7.55
2.64
0.024
29.18
2.58
0.05
0.03
0.514
0.11
1.08
51.32
9.24
3.48
0.123
11.65
4.85
3.05
3.31
0.492
0.05
1.07
45.99
12.76
11.1
0.155
10.42
10.25
0.77
0.04
0.826
0.06
1.03
59.69
18.88
3.9
0.019
2.1
1.16
2.21
0.55
0.145
0.06
1.02
50.22
2.6
33.53
0.009
0.77
1.39
0.26
0.04
0.079
0.02
1.1
57.87
16.03
1.72
0.079
5.94
1.33
1.13
0.86
0.274
0.05

Table 2B: Minor and trace element analysis
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LOI
%
GRAV
5.87
6.13
8.13
6.64
5.15
9.34
12.33
8.3
11.09
10.14
13.99

Total
%
0.01
FUS-ICP
98.83
98.57
100.1
99.26
98.65
100.2
99.89
100.7
99.8
99.05
99.27

Table 2C: Trace element and rare earth element analysis

Table 2D: Rare earth element analysis
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Table 2E: Trace element and rare earth element analysis

Talc 1a
Talc 1b
Talc 1c
Talc 2
Talc 3a
Talc 3b
Rio Tinto
Saponite

Analyte Symbol
Unit Symbol
Detection Limit
Analysis Method
JCRMR901
JCRMR902
JCRMR903
BCS203a
DC60131
DC60132
RTB1
SaA1

Montmorllionite Ward's 46
Nontronite
Montmorllionite Ward's 24

WMB24b
Nau-2b
WMB24a

Yb
Lu
Hf
Ta
W
Tl
Pb
Bi
Th
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
0.1
0.01
0.2
0.1
1
0.1
5
0.4
0.1
FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS
0.2
0.03
0.5
< 0.1
<1
< 0.1
<5
< 0.4
2
< 0.1
< 0.01
< 0.2
< 0.1
<1
< 0.1
<5
< 0.4
0.1
< 0.1
0.01
0.5
0.1
<1
< 0.1
<5
< 0.4
3
< 0.1
0.01
< 0.2
< 0.1
<1
< 0.1
<5
< 0.4
0.3
< 0.1
< 0.01
< 0.2
< 0.1
<1
< 0.1
<5
< 0.4
< 0.1
1
0.16
1.7
0.6
<1
< 0.1
<5
< 0.4
11.9
1.3
0.23
1.2
1.2
<1
0.5
25
< 0.4
17.7
1.5
0.23
1
0.2
<1
< 0.1
15
< 0.4
0.3
4.4
0.4
4.4

0.65
0.07
0.68

7.8
0.2
7.9

3.5
< 0.1
1.7
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<1
1
3

0.4
< 0.1
0.1

58
15
43

0.6
< 0.4
0.4

42.7
0.2
25.9

U
Li
Li2O
ppm
%
%
0.1
0.01
0.01
FUS-MS FUS-Na2O2 FUS-Na2O2
0.7
< 0.01
< 0.01
0.2
< 0.01
< 0.01
0.9
< 0.01
< 0.01
1.9
< 0.01
< 0.01
1.7
< 0.01
< 0.01
3.8
< 0.01
< 0.01
8.8
0.28
0.6
6
< 0.01
< 0.01
13.9
0.1
3.7

< 0.01
< 0.01
0.01

< 0.01
< 0.01
0.03

thin area of the clay and a thicker region of the clay. For both maps, scans are taken that focus on
imaging the overall backscatter, and concentration maps for boron, sodium, potassium, calcium,
and iron.
The study then proceeds to take quantitative analysis of 13 single points scattered
throughout the sample, some of which fall on the above measured maps. These 13 point
measurements have quantitative analysis by calculating the wt% of SiO2, Al2O3, K2O, CaO, B2O3,
FeOT, Na2O, MgO, TiO2 as well as H2O. This involves the calibration of these components to
other known standards first. Si, Al, Ti, and K are calibrated using a the JEOL standard for
orthoclase. Ca and Mg are calibrated using the JEOL standard for diopside. FeOT are done using
the JEOL hematite standard and Na is done with JEOL albite standard. B is found using the dravite
standard from above and then H2O is found by difference. As for the map scans, spectrometer 1
uses the TAPJ crystal and is dedicated to scanning for Al and Si. Spectrometer 2 uses the PETL
crystal and is designated for the scanning Ca and K. Spectrometer 3 uses the LDE3H crystal and
is left to just scan for B. Spectrometer 4 uses the LiFH crystal and was scanning for Fe. Lastly,
spectrometer 5 also uses a TAPJ crystal and scans for Na and Mg. The thirteen points gives
individual point analyses and are also averaged together to give a rough general sample
concentration.
The study generates boron-enriched clay minerals in the lab that will be used to test their
interactions with ribose (a related study at LANL also involved with this study) and their ability
to allow biotic processes to begin (Figure 7). The relationship between boron adsorption and pH
is studied in both Mars-like and common terrestrial clay minerals including montmorillonite, and
talc, and analogs to Martian clays, such as saponite, nontronite, and griffithite [Vaniman et al.,
2014; Treiman et al., 2014].
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Figure 7: Borate-ribose complex in solution. Boron and ribose bond together, thereby stabilizing ribose from
breaking down. The lower method shows how the boron-ribose complex is stabilized by being additionally
bound to the surface of a clay, while the upper method, in just water, doesn’t allow for boron-ribose
complexes to remain stable and not break down (Figure Gasda et al., 2019).

Experimental Procedure--Using methods described in [Karahan et al., 2006], (Figure 6) 37.5
mL of 200 ppm B solution made from boric acid (H3BO3) in a solution of 0.1 M CaCl2 is added to
1.5 g of each clay sample in a plastic container and shaken for 10 hours to allow ample time for
adsorption and then left to settle. pH is varied from 6 to 11 in increments of 1 for each clay type
to determine the relationship between pH and boron adsorption. Samples are created and analyzed
in quadruplicate. pH is adjusted by adding droplets (~0.05 mL) of either HCl or NaOH (at a
concentration of 1 M). pH is measured both before and after adsorption period. Samples are
centrifuged at 2600 rpm for 60 minutes, then shaken again, and centrifuged again for 2600 rpm for
another 60 minutes. After allowing for the material to finish settling, the supernatant is removed.
The supernatant is saved for Inductively Coupled Plasma - Optical Emission Spectroscopy (ICPOES) analysis of the solution. The remaining boron-enriched clay is rinsed with a pH-similar fluid.
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Samples are analyzed with ICP-OES in two forms, the clay with adsorbed boron and the
supernatant removed from the samples. For analyzing the supernatant, boron adsorption is
measured by the total loss of boron from the original solution. Some of the original boron solution
is run alongside the supernatant to determine the amount of boron from control to after adsorption.
Assuming the clay adsorbed boron in significant quantities, this is reflected by a decrease in boron
detected in the supernatant in comparison to the original boron solution.
The clay samples that were exposed to the boron solution are then run through ICP-OES to
analyze the amount of boron directly adsorbed by the clay. First the boron-exposed clays must be
run through acid digestion using the procedure [Martin et al., 1996], where the samples are ground
into a fine powder and ~1 g of the powdered clay is exposed to acid. The clay samples are exposed
to 2 mL of concentrated HNO3 and 4 mL of concentrated HCl and left to sit and shake for 175
min. Afterwards 2% HNO3 is added to bring the solutions up to 25 mL and left to sit overnight.
Then the samples are ready for ICP-OES analysis using the methods defined in [Martin et al.,
1996].
The first experimental run consisted of analysis of just one of the montmorillonite samples in
order to determine whether or not the clay would be capable of adsorbing boron. The boron was
run at two separate concentrations, one at a lower value ~50 ppm B and a second higher
concentration of over 500 ppm B. The second experimental set (Table 3) contained both species
of montmorillonites, of which both were run at varying conditions. For pH tests, the pH was varied
from 6 to 10 in increments of 1, while keeping the concentration steady at ~200 ppm B. For the
concentration tests, the pH was held at 8, while boron concentration varied from 200, 100, 50, 25,
and 10 ppm B. For the adsorption time tests, samples were held at pH 8 and a concentration of 200
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ppm B, and were shaken for either 10 or 20 hours. The third experimental again contained both
montmorillonites at ~200 ppm varied pH from 6 to 11, and shaken for 10 hours (Table 4).

Table 3: Experimental conditions for second round of adsorption analysis on two montmorillonites with
varying adsorption concentrations. Samples analyzed on ICP-OES.
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Table 4: Experimental conditions for third round of adsorption analysis of two montmorillonite species.

The LIBS analysis is run independently at Los Alamos National Laboratory by the engineering
unit for ChemCam, which is similar to the instrument onboard the MSL rover. The LIBS
instrument fires an infrared laser focused to ~200-500 microns at selected rock targets up 7 m away
from the rover [Wiens et al., 2012; Maurice et al., 2012]. Data collection usually consists of a
raster of multiple observation points (spaced a few milliradians apart) and firing the LIBS laser 30
times at each shot point. The rover typically will analyze between 2 and 6 targets daily, providing
ChemCam analyses from throughout the rover’s traverse. The RMI instrument provides context
imagery of the samples analyzed. The laser excites atoms within the target to produce a lightemitting plasma, with this signal being captured and analyzed by three spectrometers housed
within ChemCam [Wiens et al., 2012; Maurice et al., 2012]. Based on the peak positions of the
spectra, chemical abundances are calculated and can be converted into chemical weight percent in
the form oxide wt% [Clegg et al., 2017]. LIBS is capable of detecting all the elements and oxides
can be calculated from the spectra. Boron is detectable by LIBS analysis, however the key
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distinguishable boron peaks overlap some of the major iron peaks, so boron detection becomes
difficult when iron is abundant in the sample. LIBS is a viable detection method as it provides
quick, precise, and remote measurements in the form of point analyses. While not as accurate as
mass spectroscopy, measuring with LIBS will allow for direct comparison with rover analyses.
Geochemical Modeling
Geochemical modeling consisted of the analysis of water samples from saline lakes including
Mono Lake, Searles Lake, and Lonar Crater lake which have been used as Mars analog solutions
in other studies [Pawar, 2010; Smith, 1979; Domagalski et al., 1989] and groundwater elevated in
boron from Bangladesh [Halim et al., 2010] (Table 5). The focus of this modeling was to
determine speciation of borate and to understand the effects various ions in solution have on borate
speciation. Geochemist’s Workbench was used for geochemical modeling on this study.
Geochemist’s Workbench (GWB) uses datasets of thermodynamic equilibrium constants to
calculate chemical equilibria. GWB is used in this study to map stability diagrams, examine
speciation of boron, and track reaction process in conditions simulating the experiments [Bethke,
2011]. The goal of this study is to generate the speciation diagrams given the water composition
of the selected literature waters as well as some the lab experiments. In addition to speciation
diagrams, some analysis consisted of comparing the ion activities of boron to other major ions to
determine how they affect borate in solution.
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Table 5: Water samples from groundwater wells, several alkaline lakes, and this study’s experimental
analysis used for geochemical modeling for predictive analysis of borate aqueous geochemistry.
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Results
Mineralogy
XRD analysis was run on several of the clay samples prior to adsorption experiments in order
to gain an understanding of their mineralogic makeup to serve as a baseline before borate and later
organic reaction experiments. The samples run through XRD were the nontronite, saponite,
griffithite, the unknown clay retrieved from the Rio Tinto borax mine, as well as two
montmorillonites. These particular samples were run through XRD in order to compare the
structure of the clays before and after adsorption experiments. The distinctive 001 and 060 peaks
common of phyllosilicate clays were seen strongly in all of the clay samples (Figures 8 & 9).
Several of the clays were also revealed not to be completely pure samples, which may make them
suitable for adsorption experiments as their application for Mars data can be compared to Mars
clays, which are also not pure. XRD analysis of montmorillonite samples revealed them to be
relatively pure samples with minor secondary minerals including quartz and feldspar. The analysis
of the nontronite revealed that it was very pure and almost entirely nontronite (Figure 10). The
griffithite and saponite (Figures 11 & 12), while they were indicated to be mostly clay mineral in
makeup, were observed including minor amounts of plagioclase feldspar and pyroxene. The Rio
Tinto sample (Figure 13) was largely an unknown clay mineral which could not be matched with
the standards in the JADE mineral library, but did contain minor amounts of plagioclase and calcite
in it as well. Given the detection of boron in this sample by ICP-MS and LIBS analysis, it is
possible this sample contains a borate mineral phase, but it is below the detection limit for XRD
identification. Lastly, the two montmorillonites displayed typical montmorillonite XRD patterns,
but there were differences between the two indicating variance between similar species of clays
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(Figure 14). Further characterization is required to positively identify the clay mineral present in
the sample, but that is beyond the scope of this study.

Figure 8: XRD clay samples 001 peak. XRD analysis of all four clay samples displaying the distinctive 001
peak indicative of clay minerals.

Figure 9: XRD clay samples 060 peak. XRD analysis of all four clay samples displaying the distinctive 060
peak indicative of clay minerals.
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Figure 10: XRD nontronite pattern. Results from XRD analysis of nontronite clay displaying a typical
nontronite signal.

Figure 11: XRD griffithite pattern. Results from XRD analysis of griffithite clay displaying a clay mineral
signal, with additional plagioclase and pyroxene peaks.
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Figure 12: XRD saponite pattern. Results from XRD analysis of saponite clay displaying a clay mineral
signal, with additional plagioclase and pyroxene peaks.

Figure 13: Results from XRD analysis of Rio Tinto clay displaying a clay mineral signal, with additional
plagioclase and calcite peaks.
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Figure 14: Results from XRD analysis of two montmorillonite clays. “Montmorillonite no 24” is
Montmorillonite A in these experiments, while “Montmorillonite 46E 043” represents Montmorillonite B.

Adsorption Experimental Results
The first experimental test used a montmorillonite sample, Ward’s 46E 043, to attempt to
adsorb boron to the clay and detect it using ICP-OES. For this test, two borate solutions were
created, one at a low concentration at ~50 ppm and one at high concentration at >500 ppm. Initial
analysis using ICP-OES was run by detecting the amount of boron from the removed supernatants
in relation to the original borate solutions (Figure 15). The lower concentration samples detected
boron in the range of ~69 ppm in both the borate solution and the boron-enriched samples. There
was no change detected between the original borate solution and the subsequent supernatants
because this concentration of boron is close to the detection limits of the ICP-OES, making this
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measurement difficult. However, at the high concentration, there was a noticeable change detected
between the original borate solution (753 ppm B) and the following supernatant (647 ppm B). At
this concentration there is a clear loss of boron from solution, which can be likely attributed to
sorption of the boron by the clay sample. Furthermore, while the low concentration boron samples
were not able to reflect a loss of boron from solution, all of the samples of both concentrations did
still fall on the calibration curve between the calibration targets and the standard targets
demonstrating the high level of accuracy of detecting boron by ICP-OES.

Figure 15: ICP-OES first round adsorption experiment results. Results from first preliminary test displaying
that any adsorption at low concentration was not detectable while at high concentration, a significant
amount of boron was lost from solution and assumed sorbed to the clay. Point A represents the starting
borate solution of high concentration (diluted 1:10). Point B represents the boron concentration of the
supernatant removed from the clay sample after adsorption (diluted 1:10). Point C represents the starting
borate solution of low concentration (diluted 1:10) and 4 supernatants (diluted 1:10) removed from clay
samples.
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The second and third tests were a series of experiments and run on the two montmorillonite
clays (A & B) (Table 6-8). Montmorillonite A is another Ward’s sample (Ward’s 24) and
Montmorillonite B is the Ward’s 46E 043 used in the previous test (Figure 16 & 17). For this
round of experiments the samples were reacted with varying concentrations of borate-carrying
fluid, varied adsorption times, and different pH conditions. The concentration was tested at 200,
100, 50, 25, and 10 ppm B in the second set and only 200 ppm for the third. For the test with
varying concentration, the samples were tested at pH 8. The results of this experiment displayed
that the amount of boron that is adsorbed by the clay is increases with an increase in initial boron
concentration (Figure 18). While montmorillonite B increased linearly, montmorillonite A
increased non-linearly and saw a steep increase in boron adsorption at higher fluid concentration.
Calculating a linear or Langmuir sorption behavior, a partition coefficient (Kd) can be calculated
using the formula

𝐾𝑑 =

𝑉𝑤 (𝐶0 −𝐶𝑖 )
𝑀𝑠𝑒𝑑 ∗𝐶𝑖

[EPA],

where Vw represents the volume in solution, C0 represents the known concentration of an ion in
solution, Ci represents the concentration left in the supernatant, and Msed represents the mass of
the solid. Freundlich fitting can calculated by linearizing the equation
𝑥

𝑥

= 𝐾𝐶 𝑛 → log 𝑚 = log 𝐾 + 𝑛 ∗ log 𝐶
𝑚
where x/m is the adsorbed concentration, K is the calculated partition coefficient, n is the
adsorption intensity, and C or Ci is the fluid concentration [Ayawei et al., 2017]. Both clays were
analyzed using Langmuir and Freundlich fitting (Table 9, Figures 19-20) and from these fits were
able to construct adsorption isotherms (Figures 21-22). For Montmorillonite A, the Freundlich fit
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Table 6: Results from the second round of adsorption analysis
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Table 7: Results from third round of adsorption analysis for Montmorillonite A
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Table 8: Results from third round of adsorption analysis for Montmorillonite B
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Figure 16: ICP-OES second round standards and starter solution. Results from second preliminary test
displaying calibration curve with calibration standards and boron-carrying fluids

had a slightly better correlation with an R2 of 0.9778 compared to the linear fit of 0.9735.
Montmorillonite B, which had the high concentration B point (Freundlich was calculated with
and without this point, while linear was calculated without) saw better correlation with the linear
fit with an R2 of 0.9962, while the Freundlich fits, with and without the high B point, were
0.9373 and 0.9202 respectively. Adsorption time was tested at the 200 ppm B and pH 8 level by
adjusting sorption times of both 10 and 20 hours. Despite the 20 hours sample allowing more
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time for adsorption of more boron, the amount of boron lost from solution between the two
samples was negligible (Figure 23).

Figure 17: ICP-OES second round adsorption analysis results. Results from second preliminary test
displaying how boron was lost from solution at different concentration ranges, indicating some degree of
adsorption of boron to the clays.
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Figure 18: ICP-OES initial fluid concentration vs adsorbed concentration. Results from second preliminary
test displaying the positive relationship between initial boron concentration in the fluid and the final
concentration adsorbed onto the clay. Montmorillonite A fitted with polynomial relation; Montmorillonite B
fitted with linear relation.

41

Table 9: Results for calculating concentrations used for Kd calculations and isotherm fitting.
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Figure 19: Freundlich fitting and Kd calculation for Montmorillonite A
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Figure 20: Freundlich fitting and Kd calculation for Montmorillonite B both using the high B point and
without
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Figure 21: Adsorption isotherms for Montmorillonite A with both Freundlich and Langmuir (linear)
fitting
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Figure 22: Adsorption isotherms for Montmorillonite B using both Freundlich and Langmuir (linear)
fitting
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Figure 23: ICP-OES adsorption time effect. Results from second preliminary test displaying the relationship
between boron adsorption to the clay and time given for adsorption, showing that adsorption occurs fairly
quickly within 10 hours.

For the pH experiments, the pH was varied from 6 to 11 and all were at a concentration of 200
ppm B. This experiment was seeking to replicate past experiments from the literature (Karahan et
al., 2006) to determine if the montmorillonite clays used would have a similar peak sorption around
pH 8-9. The montmorillonite samples used displayed much more adsorption (Figure 24) than the
literature In addition to our samples displaying much more adsorption, Montmorillonite B did not
display the expected trend from the literature with the expected peak at pH 8-9, while
Montmorillonite A was similar. Montmorillonite B instead saw the lowest adsorption at pH 6 and

47

saw an almost exponential increase in adsorption through pH 11, with the greatest adsorption at
11. Meanwhile, Montmorillonite A saw peak adsorption around a pH of ~8.5, which fitted with
previous literature

Figure 24: ICP-OES second and third adsorption analysis compared with Karahan. Results from second
preliminary test displaying the relationship between boron adsorption to the clay and pH. The Karahan
results from the literature are included for reference. Our results for Montmorillonite B did not match the
patterns form Karahan, while Montmorillonite A did.

Preliminary LIBS Analysis
The unaltered clay samples and one of the boron-enriched clays from the first adsorption test
(>500 ppm B sample) were also analyzed via LIBS for baseline chemistry analysis of the clays

48

and to check if boron could be detected on the one enriched sample (Table 10). The results
displayed show that the clay samples used in these experiments cover a wide range of mineral
chemistry including high magnesium and high iron clays, in addition to more traditional terrestrial
clay chemistries higher in aluminum (Figure 25A-F). Within each individual clay standard, the
composition is fairly homogeneous. These chemical abundances were backed up by analysis run
by ActLabs using ICP-MS (Inductively Coupled Plasma – Mass Spectroscopy) and PGNAA (for
measuring boron). The results from LIBS and ICP-MS/PGNAA analyses had some significant
differences for sample compositions, though this is attributed to LIBS analysis involving point
analysis of and the ICP-MS/PGNAA involving bulk analysis. The Rio Tinto clay sample, which
was from the borax mine, was analyzed to contain 0.28 wt% B via LIBS analysis, indicating there
was a significant and detectable amount of boron found within this clay sample. The
montmorillonite sample from our preliminary test analysis that had been exposed with boron was
analyzed and determined to contain 0.67 wt% B (Figure 26). This calculates to around 5000-6000
ppm B, which is higher than the ICP-OES determined results of ~3000 ppm; however, ICP-OES
also measures the average bulk composition of boron on the material while LIBS analysis
measures very fine (~0.5 mm) individual points, therefore some variability is to be expected. The
EMPA analysis revealed the boron distribution in the Rio Tinto sample to be scattered variably
throughout the sample.

49

Table 10: LIBS major element analysis of clay samples prior to adsorption.
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Figure 25 A-F: LIBS analysis clay samples – A) CaO vs Al2O3. Chemistry plot comparing sample clays used
for boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples
are represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the
range of variability of Mars chemistry, not instrument error.
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Figure 25 B: LIBS analysis clay sample – FeOT vs SiO2. Chemistry plot comparing sample clays used for
boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples are
represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the range
of variability of Mars chemistry, not instrument error.
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Figure 25 C: LIBS analysis clay simples – K2O vs Na2O. Chemistry plot comparing sample clays used for
boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples are
represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the range
of variability of Mars chemistry, not instrument error.
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Figure 25 D: LIBS analysis clay simples – MgO vs SiO2. Chemistry plot comparing sample clays used for
boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples are
represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the range
of variability of Mars chemistry, not instrument error.
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Figure 25 E: LIBS analysis clay simples – Na2O vs FeOT. Chemistry plot comparing sample clays used for
boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples are
represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the range
of variability of Mars chemistry, not instrument error.
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Figure 25 F: LIBS analysis clay simples – FeOT vs MgO. Chemistry plot comparing sample clays used for
boron adsorption analysis with Mars chemistry data from ChemCam LIBS analysis. The Mars samples are
represented by the open circles (Soil, Murray, Stimson) and their respective error bars represent the range
of variability of Mars chemistry, not instrument error.
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Figure 26: LIBS spectra of boron peak detected from montmorillonite sample sorbed with boron from first
preliminary test. The left and center peak are boron peaks, while the right peak is an iron peak.

Beam Analysis – Microbeam
Both SEM and Microprobe were used for analysis of the Rio Tinto clay, but the SEM failed to
detect boron and only provided general characterization, while the more sensitive Microprobe was
able to detect boron on the sample. The results of the SEM analysis provided contextual close-up
images of clay particles (Figure 27) of the Rio Tinto clay at high resolution, however the semiquantitative analysis was unable to detect any boron in the sample (Figure 28-29). The analysis
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noted significant quantities of Si and Al expected of the sample, being mostly silicate minerals.
The analysis also recorded significant quantities of Ca, Na, and K as well as Fe and Mg. This
reflects the expected concentration of a phyllosilicate mineral species. As mentioned before, the
XRD analysis was unable to identify the clay species in the sample, but the concentration of alkalis
and Fe-Mg reflects what would be seen in a typical clay mineral. Some of the calcium is likely
attributed to calcite, as the XRD analysis did detect some secondary calcite mixed in with the Rio
Tinto sample. However, despite the calculated concentrations lining up relatively well with those
calculated by the ActLabs analysis, there was no boron detected in the SEM analysis as it is likely
the Z value for boron is too low for the SEM to detect it. Boron, being a low Z element, would
have its x-rays easily adsorbed by the sample, preventing detection by the EDS analysis.
The microprobe analysis fared better for boron detection with its EDS analysis. Of the 13
individual analysis points in the probe quantitative analysis (Table 11), 6 of the points were able
to record detectable amounts of boron. These concentrations range from 0.08 wt% B all the way
up to 3.3 wt% B. Four of the six points were low ranging between 0.08 and 0.18 wt% B while the
other two points were much higher around 3 wt% B. The average between all 13 points was 0.49
wt% B. Something to consider is that analysis done by ActLabs is a bulk analysis, which takes an
average measurement of the whole sample, while the EPMA analysis (and LIBS analysis as well)
involves fine point analysis, so the results can vary quite a bit. There is an apparent correlation
between boron and calcium and magnesium (Figure 30 A-C) from EPMA analysis as the points
containing high boron all contained elevated Ca and low Mg, and as Ca decreased in favor of Mg,
B all but disappeared. Boron appeared to more likely to be detected on points better reflecting of
a clay mineral chemistry (high silica, high Ca/Na, low Fe/Mg). This would indicate that boron is
linked with or associated with the clay mineral phases in the sample, potentially via adsorption.
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Figure 27: Backscattered SEM image of the Rio Tinto clay sample taken at 500x magnification. This image
was taken as a concept image to provide context for the subsequent analysis.
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A

Figure 28: Backscatter SEM of
Rio Tinto and EDS scan. A) This
depicts a combined secondary
electron
and
backscattered
electron image of the Rio Tinto
sample where EDS analysis was
run. B) This shows the EDS scans
showing the elemental peak
positions and counts. The Au and
Pd can be ignored as this the AuPd coating applied to the sample
prior to analysis. Much of the Ca
is attributed to minor amounts of
calcite that was detected during
XRD analysis. However, no B was
able to be detected in this EDS
scan.

B
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A

Figure 29: Backscatter SEM of Rio
Tinto and EDS scan. A) This depicts
a second clay particle under
combined secondary electron and
backscattered electron image of the
Rio Tinto sample where EDS
analysis was run. B) This shows the
EDS scans showing the elemental
peak positions and counts. The Au
and Pd can again be ignored as this
the Au-Pd coating. Note this particle
is likely a purer clay mineral as its Ca
peak count is much lower indicating it
contains little to none of the additional
calcite. However, B was still absent in
this EDS scan as well.

B
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Table 11: EPMA EDS analysis results on the Rio Tinto clay sample covering the abundance of major
elements and boron.
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Figure 30 A-C: Rio Tinto EPMA elemental oxide comparison with boron A) Boron correlation with calcium
displaying strong positive correlation
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Figure 30B: Boron correlation with magnesium displaying very weak negative correlation
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Figure 30C: Boron correlation with silica displaying essentially no correlation

There is also the possibility of boron existing as a borate mineral phase, in association with the
clay phases. Additionally, there appears to be a correlation between boron concentration and grain
density. In the areas of the sample where the clay grains were more densely packed, the detected
concentration of boron was also higher, with it decreasing or disappearing when grains were sparse
or when there were gaps in the slide. This indicates that the boron may be linked with the clay and
may indicate the boron is either adsorbed to or structurally bound to the clay. If adsorbed, the
increased clay particle density creates greater surface area to allow more boron to adsorb to the
clay surface. If structurally bound, then the increased quantity of clay will therefore include a
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greater detectable amount of boron. In either scenario, it indicates that the boron is linked with the
clay and is not likely appearing as a second phase mixed in with the clay.
The first map (Figure 31) had an interesting anomaly where high B values were recorded
in the gaps where there was not clay, and in the carbon tape. This means either the carbon tape
contained a certain amount of boron there was an instrument artifact or calibration standard issue
where the instrument is mistaking carbon for boron, or that there was a lot of noise in the signal in
relation to the background. The latter two options are more likely as the material used for the
carbon coating should not contain any boron, especially in the concentrations indicated by the map
scan. Furthermore, prior and subsequent scans run on the EMPA with samples also using carbon
tape did not report any elevated boron that could be attributed to contamination in the carbon tape.
The second map scan (Figure 32) is likely much more representative of the boron concentration
throughout the Rio Tinto clay sample. Unlike the other elemental concentrations, which vary
throughout the sample, boron is fairly evenly distributed across most of the grains. This would
make sense if the boron is assumed to be adsorbed to the surface of the clay grains. The boron is
not originally from the clay and was deposited on the surface afterwards, therefore it would have
a very even distribution throughout the sample. This is further validated by the boron concentration
coinciding with the abundance of clay particles, as if the boron is adsorbed material, it would be
seen predominantly in association with the clay.
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Figure 31: First WDS map scan of Rio Tinto sample on the EPMA, with compositional analysis on Na, B,
K, Ca, and Fe. The B map is showing high counts in the regions where the carbon tape is showing,
indicating some instrumental calibration error or potential B concentration in the carbon tape itself, though
the latter option is unlikely. It may also be possible that the binder used in the carbon stub contains borate.
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Figure 32: Second WDS map scan of Rio Tinto sample run on the EPMA on the Rio Tinto sample. There
is an artifact occurring in the K map on the left side. While the B map shows strong returns throughout the
map, they are in reasonable concentrations expected. The even distribution seen throughout the B map
across most grains also lends some confirmation that it is indeed a secondary mineral that was deposited
on the surface of the already formed clay grains via adsorption.

Geochemical Modeling
The geochemical modeling results revealed that the samples [Halim et al., 2010] consisted
of two main classifications: those high in carbonates and those high in sulfates and Cl-, with both
containing high concentrations of alkalis. The comparison plots indicated that boric acid may have
a potential correlation with the amount of dissolved Na+ (Figure 33). The plot displaying the
relationship between boric acid and Ca2+ appeared to show little correlation (Figure 34), so the
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amount of Ca in solution did not appear to affect the amount of boron in solution or there were
enough other ions in solution to mitigate its effect. When analyzing B, Ca, and Na on a ternary
diagram (Figure 35), while B was much lower than in concentration than the other two, there was
a negative correlation between Ca and Na.

Figure 33: Plot indicating potential positive correlation between B and Na
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Figure 34: Plot displaying little evidence for direct correlation between B and Ca in solution
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Figure 35: Ternary diagram indicating inverse relationship between the abundance of Ca and Na

Next, geochemical modeling was conducted to determine speciation of boron in solution.
Modeling began with generating a piper diagram of the assorted water samples to understand the
general geochemistry of the sample suite (Figure 36). Then, two speciation diagram series were
created to track changing concentrations of boron and calcium chloride (used when creating the
adsorption experiments). The first speciation series modeled the variation of the concentration of
boron at 10, 25, 50, 100, 200, and 500 ppm B and CaCl2 held at 0.1 M (Figure 37 A-F). The
dominate species at lower pH was boric acid (B(OH)3) and at higher pH it was CaB(OH)4+, with
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the equilibrium point occurring between pH 7 and 9. The borate ion B(OH)4- was also present at
higher pH though at only about ~1/6 the abundance of CaB(OH)4+. Other borate ions were also
present, but were insignificant in quantity. The second speciation series modeled the variation of
the concentration of CaCl2 in solution at 1 M, 0.5 M, 0.25 M, and 0.1 M with boron concentration
held at 200 ppm (Figure 38 A-D). While boric acid was again the dominant species at lower pH
and CaB(OH)4+ was the dominate species over B(OH)4- at high pH, they began to equalize in
concentration at lower CaCl2 levels, with B(OH)4- reaching a concentration almost comparable to
the calcium borate phase.

Figure 36: Piper diagram displaying ion chemistry of water samples used for geochemical modeling
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Figure 37: A-F Borate speciation diagrams varying concentration of boron A) The above diagram represents
a 10 ppm B solution (Table 4, sample 10). Borate species concentrations are lowest, but boric acid and the
calcium borate are the dominant species at low and high pH, respectively.
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Figure 37B: Borate speciation diagrams varying concentration of boron. The above diagram represents a
25 ppm B solution (Table 4, sample 11). Borate species concentrations are still low, but boric acid and the
calcium borate are the dominant species at low and high pH, respectively.
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Figure 37C: Borate speciation diagrams varying concentration of boron. The above diagram represents a
50 ppm B solution (Table 4, sample 12). Borate species concentrations are rising, but boric acid and the
calcium borate are still the dominant species at low and high pH, respectively.
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Figure 37D: Borate speciation diagrams varying concentration of boron. The above diagram represents a
100 ppm B solution (Table 4, sample 13). Borate species concentrations are still rising, but boric acid and
the calcium borate are still the dominant species at low and high pH, respectively.
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Figure 37E: Borate speciation diagrams varying concentration of boron. The above diagram represents a
200 ppm B solution (Table 4, sample 14). Borate species concentrations are higher, with boric acid and the
calcium borate still remaining as the dominant species at low and high pH, respectively.
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Figure 37F: Borate speciation diagrams varying concentration of boron. The above diagram represents a
500 ppm B solution (Table 4, sample 15). Borate species concentrations are the highest, with boric acid
and the calcium borate still being the dominant species at low and high pH, respectively.
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Figure 38 A-D Borate speciation diagrams varying concentration of CaCl 2 A) Borate speciation diagram
with 1M CaCl2 (Table 4, sample 14), indicating CaB(OH)4+ as ~5-6 as dominant as B(OH)4-
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Figure 38B: Borate speciation diagrams varying concentration of CaCl2. Borate speciation diagram with
0.5M CaCl2 (Table 4, sample 20), indicating CaB(OH)4+ as ~5- as dominant as B(OH)4-
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Figure 38C: Borate speciation diagrams varying concentration of CaCl 2. Borate speciation diagram with
0.25M CaCl2 (Table 4, sample 21), indicating CaB(OH)4+ as ~2-3 as dominant as B(OH)4-
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Figure 38D: Borate speciation diagrams varying concentration of CaCl 2. Borate speciation diagram with
0.1M CaCl2 (Table 4, sample 22), indicating CaB(OH)4+ as ~1.5 as dominant as B(OH)4-
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The last speciation model involved comparing water samples from Bangladesh [Halim et al.,
2010], Mono Lake [Domagalski et al., 1989], and Searles Lake [Smith, 1979] to determine the
speciation of boron with some expanded borate species in consideration (Figure 39; Table 12).
The Bangladesh samples, which featured some altered boron concentrations, saw borate speciate
almost exclusively as B(OH)3, (boric acid), with trace amounts of the remaining borate species.
The Mono Lake sample saw a shift with B(OH)4- becoming the most prolific species with ~46%
of the boron, followed by ~44% of the boron speciating as NaB(OH)4, with B(OH)3 only
accounting for ~8.5% of boron in solution. Searles Lake saw ~76% of the boron speciate as
NaB(OH)4, with B(OH)4- representing ~20% of boron, and B(OH)3 dropping further to only 2%
of boron. Across all five water samples, the remaining six borate species were only present in very
trace amounts.

Figure 39: Borate speciation model for natural water samples. Bangladesh samples represent groundwater
and therefore speciate as mostly boric acid. Mono Lake and Searles Lake represent saline lakes and
therefore boron speciates into borate and sodium borate.
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Table 12: Speciation model water samples chemistry and borate species concentrations
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Discussion
XRD Characterization
Given the results provided by the XRD analysis, the clays chosen for Mars analog adsorption
should provide strong candidates for good adsorption. Montmorillonite clays have been shown to
be strong adsorbers of boron [Karahan et al., 2006; Keren, 1981] when exposed to a boron-rich
environment. Given the similarities of saponite, nontronite, and griffithite to terrestrial
montmorillonites, it is highly likely that they too would be strong adsorbers of boron if presented
with similar environmental conditions. While nontronite has dioctahedral coordination, and
saponite and griffithite both have trioctahedral coordination, the montmorillonite family of clays
contains species of both coordination. Since most montmorillonites are able to adsorb boron
regardless of coordination, it is reasonable to assume that both the dioctahedral and trioctahedral
species of Mars analog clays would be able to adsorb boron as well. This may indicate that
dioctahedral versus trioctahedral coordination does not affect the ability of a clay to adsorb boron,
rather that it might affect where the boron is adsorbed and how much is adsorbed.
The XRD analysis also revealed that some of the clay samples, namely the saponite, nontronite,
and Rio Tinto samples, were not entirely pure. This can be well applied to the clays seen on Mars
as being impure as well [Vaniman et al., 2014]. The clays on Mars are mixed with many other
minerals or even a mixture of different clay minerals, and it is therefore very impractical to assume
a Martian environment where boron would interact with a singular clay species for adsorption. As
the samples used in the study contain minor or trace amounts of other minerals, they reflect a more
realistic sample of a clay that would be seen on Earth or on Mars. It can be very helpful to
understand how boron will adsorb to clays in the presence of other minerals, as this is the situation
that occurs on Mars. In Gale crater, the clay content of the bedrock only averages around ~25-30%
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of the rock composition [Vaniman et al., 2014], so this is even more important to know how boron
will adsorb to clay minerals when in the presence of other materials.
While the XRD analysis was unable to refine the and identify the exact clay mineral species in
the Rio Tinto, griffithite, and saponite samples, it was able to identify a clay mineral species
present. XRD analysis detected the distinctive 001 and 060 peaks typically seen amongst
phyllosilicate clay minerals. This was a clear indication that there was indeed a phyllosilicate clay
present in the sample. The most distinctive diffraction peak for clay minerals is the 001 peak,
which for most of the clays was detected at a diffraction angle of 6 2ϴ, which translates to a
spacing of about ~14.4-14.8 Å. However, the Rio Tinto sample had a 001 diffraction peak of
occurring at about 7 2ϴ, which translates to a spacing of about 12.6 Å. The Rio Tinto sample 001
peak occurs at a higher diffraction angle due to some difference in the clay, however the difference
is small and the peak is still classified as a clay peak. The 060 diffraction peak occurs for
phyllosilicate clays occurs around a 2ϴ value of around 60-62, of which the Rio Tinto sample falls
in the range of at 61. The two trioctahedral clays, the saponite and griffithite, saw their 060
diffraction peaks at a 2ϴ angle of ~60 with spacing of 1.535 and 1.537 Å, respectively. The
nontronite saw its 060 peak at a 2ϴ of ~61 giving a spacing of 1.513 Å. Since the Rio Tinto clay
also has the 060 diffraction peak at a 2ϴ of ~61, with a spacing of 1.517, it bears a similar
diffraction pattern to the dioctahedral nontronite. This may indicate that the clay species within the
Rio Tinto sample is also dioctahedral as well, and may help to narrow down the species of
phyllosilicate within the sample. The sample will need further treatment and analysis to identify
the species of clay present.
The chemical analysis of the Rio Tinto sample run by ActLabs was found to contain boron
within it. The analysis indicated that the sample contained over 900 ppm B, which is a significant
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amount of boron to be found within the clay. The XRD analysis did not identify any borate
minerals within the Rio Tinto sample, although due to the low concentration of boron, any borate
mineral abundance would also be low and potentially undetectable via XRD. However, XRD may
be able to detect a shift in clay peak position due to potential presence of structural boron, though
further analysis is needed to determine this. Another potential situation is that the boron detected
via PGNAA by ActLabs is boron that has adsorbed to the clay minerals or other minerals in the
sample. If this is the case, this would further indicate that in a boron-rich environment that clay
minerals can easily pick up and allow adsorption of boron to their structures. Another possibility
is that some or all of the boron is structural boron and formed with the clay. Due to boron’s small
atomic size, it is extremely difficult and unlikely to determine if the boron is structural using SEM
or EPMA, but TEM analysis might be able to detect it. TEM analysis is able to refine structure of
very small atomic sizes and would be able to determine if the boron is structurally bound to the
clay or adsorbed to the surface.
Experimental Analysis
For the first experimental run, the results indicated that given the conditions of the experiment,
a significant initial concentration was needed in order to detect any adsorption onto the clays. The
lower concentration sample did not likely see any change in boron because the level was below
the detection limits of the ICP-OES, given the test parameters. Given the rougher experimental
conditions for this test, as well as the use of borax instead of boric acid for a source of boron, made
the degree of boron adsorption less for this experiment. The higher concentration sample had more
than enough boron to detect the adsorption from solution. The issues with detecting adsorption at
the lower concentrations triggered the attempts to refine adsorption method procedure for the
following experiments.
87

For the second and third set of experiments the results displayed a similar trend when
concerning concentration. When initial concentration was decreased, the amount of boron
adsorbed to the clay also decreased. In the samples of lower concentration where the clay had
potential to adsorb all of the boron out of solution, it did not. This indicates some level of
equilibrium state for the boron for how much adsorbs to the clay versus how much remains in
solution. This means that boron adsorption concentration may be dependent on the initial fluid
concentration. This can be helpful in determining the amount of boron present in a fluid permeating
through a rock, if the amount of boron found within the clay or rock is known. This is helpful for
application on Mars, as the water-rock fluids have likely long disappeared and the only remaining
record of boron is what can be detected in the lithology. It may therefore be possible to predict the
boron concentration in the ancient groundwater of Gale crater. This can be done by calculation of
the Kd value to determine initial fluid concentration. The Kd calculations in this study showed that
Kd increased with increased pH. Since Kd represents the ratio of ion adsorbed to a solid vs ion left
in solution, this indicates the clays in this study adsorbed a greater proportion of boron at higher
pH than at lower pH. This further provides evidence of more alkaline pH waters favoring borate
adsorption.
Understanding the ancient groundwater is important for understanding the past environment
on Mars within Gale crater. The presence of borates, either as evaporates or found within other
minerals, further indicate an environment that was a lacustrine paleolake environment that
eventually dried out over time. Evaporates are typically an indicator of a paleolake setting,
however different evaporate minerals indicate different characteristics or about the conditions of
the lake when the evaporates formed. Certain chloride salts, such as sodium chloride or potassium
chloride, are often some of the first evaporates to precipitate in a drying environment. Due to the
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abundance of sodium and potassium in both rock and water settings, these salts also tend to be the
most abundant evaporates found in traditional paleolake settings. The presence of borate
evaporates, such as those seen in Death Valley, tends to reflect a lacustrine environment that has
been drying out for some time as the “early” precipitates such as sodium chloride have already
precipitated and the borates represent the remaining salts still left in the paleolake. Borate may
also shed some light on the likely range of pH of the lake at the time based on the speciation of
boron found. In general, the presence of boron tends to reflect a higher paleosalinity, although this
can be further explored by analysis of the species of adsorbed boron present on mineral surfaces.
If the boron that adsorbs to clays is found present in the form of predominantly borate or boric
acid, it would indicate a water pH of ~8 or lower as boric acid is the speciation of boron at this pH
range. If the predominant adsorbed boron species is borate then this would indicate that the pH
conditions of the water were likely ~8 or above. Borates can be helpful paleosalinity indicators by
both the abundance of their presence and the form of boron which is present.
For the experiments concerning time effect on adsorption, there was no difference in the
amount of adsorption between the 10 hour and 20 hour samples. This means that the reaction
removing boron from solution and adsorbing it to the clay samples occurs relatively quickly, thus
beyond 10 hours, no more significant boron was adsorbed by the clay. Adsorption is typically
assumed to occur fairly quickly, so this test reaffirms this assumption. Adsorption occurring
quickly may be due to the reaction occurring as an equilibrium reaction process, with the system
trying to reach a point of stable equilibrium as quickly as possible. As mentioned prior, not all of
the boron available adsorbs to the surface of the clay and some remains in solution. Despite the
different samples were created with different concentrations of boron, they all contained 1 g of
clay material. The 200 ppm B sample was able to adsorb ~40 μmol B onto the 1 g of
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montmorillonite B clay, while the 100 ppm B sample only adsorbed ~16 μmol B onto 1 g of the
same clay. At 100 ppm B, the sample had enough boron in solution to adsorb 40 μmol B like the
200 ppm B sample, but it didn’t and 16 μmol B is not the threshold for saturation for the clay as
the 200 ppm B sample was able to adsorb 40 μmol B at the same amount of clay. This indicates
the boron is forming some sense of equilibrium between how much boron is adsorbed on the clay
and how much remains in solution. In this case, as the system is trying to reach equilibrium, it will
try to balance the system as quickly as possible and therefore adsorption likely happens fairly
quickly. Different species of clays may reflect different states of equilibrium with boron as can be
seen by the comparison of the two montmorillonites in Figure 18, with the two montmorillonites
where the correlation between initial boron concentration compared with boron adsorbed is
comparable at lower concentrations but begins to deviate at higher concentrations. Once more
clays are added to the adsorption series, further analysis can determine the extent to which clay
species affects boron equilibrium.
For the experiments concerning the effect of pH on boron adsorption, the results of this study
reflected mixed results compared to that which has been seen in the literature. The amount of boron
adsorbed to the clays was much higher in this study: this is attributed to this study’s experiments
having a much higher initial liquid concentration. Prior studies on boron adsorption to clays
constrained boron fluid concentrations in the ranges of 1 ppm B up to 50 ppm B [Karahan et al.,
2006; Keren, 1981; Couch, 1968; Goldberg, 1997], whereas for this experiment the range of boron
concentration in the fluid ranged from 10 ppm up to 200 ppm. As the concentration analysis
indicated that boron adsorption increases with increased fluid concentration (Figure 18), this, in
addition to variability between clay species, may indicate why the results of this analysis yielded
boron adsorption values much higher than seen in past literature. More studies are needed to look
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at the species in solution with geochemical modeling to address the differences between this study
and previous literature results.
Furthermore, the expected peak pattern of the adsorption peak at pH 8 was not seen in one of
the montmorillonites (B) while it was seen in the other (A). Montmorillonite B instead saw peak
adsorption at pH 11 with decreasing adsorption with declining pH. This difference in peak
adsorption conditions between clays, even similar species, could indicate that adsorption is highly
dependent on the chemical makeup or structure of the specific clay species, resulting in high
variability of adsorption behavior. There is some evidence pointing that phyllosilicate clays with
elevated amounts of iron display peak adsorption at higher pH ranges, around 10-11 [Goldberg et
al., 1993]. If this is the case, then peak adsorption may be able to fluctuate easily based on
differences in chemical composition and structure. It may then be feasible that the species of
montmorillonites used in this analysis, while low in Fe, may have some characteristic that shifts
the peak adsorption to higher pH. If peak adsorption for these montmorillonites was higher and
around pH 10 instead of pH 8, then this could explain the lack of the expected adsorption curve as
well. As the parameters for this experiment had a max pH of 10, the expected drop in adsorption
potential seen after the peak adsorption would not be seen like in the literature and the results
would only indicate steady increase in adsorption potential.
Geochemical Modeling
The model analysis determined that boron activity in water was affected by several different
other ions in solution. The amount of boron in the water samples varied from ~0.3 ppm upwards
to 1.2 ppm, while the waters were heavily concentrated in carbonates, chlorine, and alkali metals.
While the carbonates and chlorine did not appear to have an effect on the boron in solution the
alkali metals did appear to. There appeared to be a positive correlation between Na+ and B (as
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B(OH)3) when in solution, so as more Na was dissolved in solution, more B was also able to be
dissolved as well. When directly comparing the Ca2+ and B, there did not appear to be a direct or
clear enough correlation to relate these two elements when in solution, as the data was rather
scattered though there was a relationship when in terms of mineral speciation.
The boron speciation modeling (Figure 37-38) revealed that boron would appears as boric acid
in low pH and as a borate anion in higher pH. The borate anion can vary in species and abundance
depending on what else is in solution. Varying the concentration of boron in the initial fluid did
not significantly change the speciation of boron, as it almost always appears as CaB(OH)4+ at 6 to
7 times the concentration of B(OH)4- when the CaCl2 is at 1 M concentration. The abundant
concentration of Ca in solution from the CaCl2 drastically affects the borate species at high pH
into appearing as a calcium-borate anion, rather than a purely borate anion. As the concentration
of the CaCl2 solution is decreased, the ratio between the two species begins to decrease and the
B(OH)4- borate species becomes almost as prevalent as the calcium-bearing phase. Given that
calcium clearly has a strong effect on the speciation of borate in solution, it may also have strong
implications on the adsorption capability of boron onto clays, however further adsorption modeling
is needed to determine the possibility. This was further corroborated by the natural water modeling
(Figure 39) of the Bangladesh, Mono, and Searles waters. The Bangladesh waters represent
groundwater samples and therefore speciated almost exclusively as boric acid, with only trace
amounts of any other borate species. The Mono and Searles waters come from much more alkaline
and evaporated lakes and therefore have an abundance of dissolved cations in solution. This caused
boron to speciate into borate species over boric acid due to the shift in alkalinity of the water and
additionally allowed the abundance of a sodium-borate species. This may have strong implications
for adsorption as sodium borate is charge neutral and therefore less inclined to adsorb to a clay
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surface like a borate anion or calcium borate cation. The amount of Ca or Na in solution greatly
affects the speciation of boron and may therefore affect its ability to adsorb to clays.
In relation to Mars, these analyses are important for understanding which ions affect boron in
solution as well as understanding the potential speciation of borate minerals given these conditions.
As Na, Ca, and Mg are all common rock-forming elements, they are also abundant on Mars within
Gale Crater, and would provide some of the necessary materials needed to form borate minerals.
As boron has so far been detected within calcium sulfate veins, it may prove that boron is
dependent on the calcium in Gale bedrock for either precipitation or adsorption. If increased
calcium content facilitates greater formation of borate minerals, this has strong implications for
boron adsorption and mineralization being a major process in Gale crater due to the abundance of
calcium there. The detected concentration of boron on Mars is in fact higher than what was seen
in these water samples, so this would make it easier in the Martian setting to create borates, or
allow for borate adsorption, given the excess of boron in solution. As boron is currently not
possible to detect in the regular bedrock due to the high Fe content, it can be helpful to know the
concentrations of other mobile elements in the system to help estimate what the potential
concentration of boron may be. As boron has so far been detected within calcium-sulfate veins,
this could help to understand what species of borate minerals may be present given the known
chemistry of the ancient Martian groundwater, as well as a better understanding of the water
chemistry itself. Given the significant quantity of dissolved Ca, it is highly possible for either
colemanite or hydroboracite to be potential borate minerals to have formed in the Martian
lithology.
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Future Work
Further experiments will produce an array of terrestrial and Mars analog clay standards treated
with borate at a series of pH values, ranging from 6 to 11. Running the samples at a wide range of
pH will allow better understanding of the correlation between boron adsorption and pH. Literature
experiments indicate an increase in boron adsorption at neutral to basic pH with a peak around 89, and then a decline in adsorption into higher pH range. This experimental range will provide the
optimal pH for boron adsorption for typical Martian clay minerals. These experiments displayed
different trends with lower adsorption at low pH with a steady increase with increased pH.
Additional analysis of the clays will also include more XRD analysis in order to understand
the mineralogic structure of each of the clays used. This will assist in the analysis of boron
adsorption to clays as well as how mineralogic differences affect the effectiveness in adsorbing
boron. It is important to have a general understanding of each of the clays structural and chemical
differences as these variances can have impacts on how much boron is adsorbed as well how it is
adsorbed. The next round of XRD analysis will include oriented mounts in order to get a better
grasp on mineralogic makeup of the clay species being used. There will also be attempts to run
analysis of some of the boron-enriched clays through TEM (Transmission Electron Microscope)
analysis in order to get an even clearer picture of the nature of boron adsorption to the clays.
It is hypothesized that the boron adsorbs to the outer surfaces of clays as well potentially into
the interlayer spacing between the outer tetrahedral layers in the clays. The outer surfaces and
interlayer spacing provide the most ideal location for there to be available charge for adsorption
as well as the most ideal sites for cation exchange [Drever, 1997]. This is the motivation and need
for XRD analysis of the clays post-adsorption in addition to the pre-adsorption analysis.
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Comparing the XRD analysis of the clays before and after adsorption allows for comparison of the
clays structure to understand how the addition of boron changes it. If boron is limited to adsorbing
to the outside of the clay, then the XRD analysis will pick up the standard clay structure will
additional borate attached to the outside, whereas if the boron adsorbs into the interlayer positions,
the XRD analysis will be able to detect a change in the interlayer spacing. TEM analysis can
provide stronger analysis to pinpoint the exact location of the adsorbed boron on the clays to help
further verify this.
This study has prepared the way to generate a series of clays enriched with 100-300 ppm of
borate that will be used to improve the ChemCam calibration for targets on Mars. It is predicted
the saponite and nontronite samples to adsorb boron in significant values similar to those seen by
montmorillonite and bentonite from previous studies and from this studies’ experiments. If
saponite and nontronite adsorb boron in significant quantities, this will provide insight and
knowledge into where boron is housed on Mars outside of calcium-sulfate veins. If boron is
therefore able to effectively adsorb onto Martian-like soils, this makes the case for boron-ribose
facilitated prebiotic conditions on Mars more viable. Further experiments will be carried out (in
related MSL research) by reacting these borate-bearing clay standards with ribose by [Ricardo et
al., 2004].
Further analyses will be conducted at Los Alamos National Laboratory (LANL). Some
techniques used there will include Laser Induced Breakdown Spectroscopy (LIBS), the method
used by ChemCam that detected boron, as well as with Raman Spectroscopy, Nuclear Magnetic
Resonance (NMR) spectroscopy, and Gas Chromatography-Mass Spectrometry (GCMS). LIBS
spectra collected with the ChemCam engineering unit at LANL can be directly compared with
ChemCam on Curiosity. Thus, these spectra can be added to the set of standard boron calibration
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spectra and improve the quantification of boron in ChemCam Mars data. XRD and Raman will
provide mineralogical analysis, NMR will provide organic structural analysis, and GCMS will
provide the organic concentration and identification analysis. The organic chemical fraction of
these clays will also be analyzed with GCMS [Gasda et al., 2019]. NMR and GCMS will be used
for analyzing the ribose-borate interaction in an associated study by LANL to determine boron’s
feasibility for stabilizing organic materials, like ribose, in a Martian setting. NMR is frequently
used for the analysis of organic structures due to its high degree of accuracy in identifying
molecular structures. GCMS is a well-established method for identifying materials and measuring
their concentration. These methods will characterize these samples and be used for comparison
with the current Curiosity rover and the future Mars 2020 rover datasets.

Conclusions
In conclusion, understanding borate adsorption onto clays is important for understanding boron
on Mars. Boron adsorbs easily to phyllosilicate clays and this is assumed to be of the same case
on Mars. XRD analysis indicates that the clays chosen as Mars analogs for adsorption analysis
should prove to be excellent candidates for boron adsorption based on structures and additionally
how their impurity can be useful for comparing with Mars environments. Adsorption analysis
indicated a link between initial boron concentration and boron adsorption concentration showing
positive correlation between the two. While adsorption curves did not match expected previous
trends from the literature, differences in clay species and boron concentration may have
contributed to these different results, although further experimentation with Mars-analog samples
is required for confirmation. Boron adsorption to Mars-like clays is expected to be comparable to
terrestrial clays, with further experimental analysis looking to validate this.
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This study represents the first boron-clay adsorption experiments for Mars-like clays, which
will provide new insight on the geochemical behavior of borate in Martian groundwater and allow
inference into the amount of boron that could be present in Martian bedrock. Understanding boronclay relationships will allow better comparisons between terrestrial and Martian boron-enriched
clays and improve techniques for boron detection on Mars. Boron-clay relationships will form the
basis for later work on the impact of boron-enriched clays on prebiotic processes on Mars [Ricardo
et al., 2004]. Evidence supports there being multiple diagenetic episodes [Grotzinger et al., 2014]
on Mars and boron may provide clues to the timing and origin of groundwater activity on Mars
and how this relates to habitability in Gale crater. MSL has been exploring the clay unit in Gale
Crater (see Figure 40), which has been seen from orbit to be abundant in phyllosilicate clay
minerals [Milliken et al., 2010], so this research will be very applicable to being able to understand
if the rover’s current location may contain abundant boron and therefore have strong potential for
prebiotic conditions and habitability.

Figure 40: MSL traverse along with some of the future planned traverse. The rover has been traversing
what has been called the clay unit, as spectroscopically seen from orbit. As this unit is supposed to be rich
in clay minerals, this unit could be of high interest in searching for boron as well as learning about the clay
mineral lithology in Gale Crater.
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